The mechanism by which virions of cowpea chlorotic mottle virus (CCMV) disassemble and allow for translation of the virion RNA is not well understood. Previous models have suggested that virion swelling is required to expose the virion RNA for translation in a process referred to as cotranslational disassembly (M. The bromoviruses, and cowpea chlorotic mottle virus (CCMV) in particular, provide a model system for examining how changes in protein-protein and protein-RNA interactions dictate structural transitions that regulate icosahedral virus assembly, stability, and disassembly. Bromoviruses are members of the Bromoviridae family (alphavirus-like superfamily). The 28-nm icosahedral virions encapsidate four positive-stranded, single-stranded viral RNAs (for reviews see references 3, 5, and 13). The RNA genome is packaged in three virions, all with similar or identical capsid structures. RNA 1 and RNA 2, which encode proteins involved in RNA-dependent RNA replication, are each packaged in separate virions. RNA 3 (an mRNA for the 32-kDa viral-movement protein) and RNA 4 (a subgenomic RNA, expressed from RNA 3, which serves as an mRNA for the 20-kDa coat protein) are copackaged in a third virion in an approximately 1:1 molar ratio (14).
The bromoviruses, and cowpea chlorotic mottle virus (CCMV) in particular, provide a model system for examining how changes in protein-protein and protein-RNA interactions dictate structural transitions that regulate icosahedral virus assembly, stability, and disassembly. Bromoviruses are members of the Bromoviridae family (alphavirus-like superfamily). The 28-nm icosahedral virions encapsidate four positive-stranded, single-stranded viral RNAs (for reviews see references 3, 5, and 13). The RNA genome is packaged in three virions, all with similar or identical capsid structures. RNA 1 and RNA 2, which encode proteins involved in RNA-dependent RNA replication, are each packaged in separate virions. RNA 3 (an mRNA for the 32-kDa viral-movement protein) and RNA 4 (a subgenomic RNA, expressed from RNA 3, which serves as an mRNA for the 20-kDa coat protein) are copackaged in a third virion in an approximately 1:1 molar ratio (14) .
The mechanism by which CCMV virions disassemble to release and expose the viral RNA to the host's translational machinery is poorly understood. A dichotomy exists in which the virion must be a stable enough vessel to protect the viral RNA from the environment and yet be capable of disassembling once it is in the cell. It is suspected that transitions in the virion structure occur upon its entry into the cell to allow for the release of the viral RNA. A previous report has proposed a model for CCMV virion disassembly, termed cotranslational disassembly (8) . The model proposes two phases in the disassembly of CCMV virions: (i) transitions in virion structure which result in the host ribosome's having access to the viral RNA and (ii) the host ribosome's stripping the viral RNA from the virion during translation of the virion RNA. It has been proposed that the structural transition required to expose the viral RNA to the host ribosome is virion swelling. Evidence in support of this includes the efficient in vitro translation of intact virions only under conditions that cause virion swelling and the isolation of virion-ribosome complexes from cell-free translation systems (8, 16, 17) .
The CCMV virion is made up of 180 copies of the coat protein subunit arranged with a T ϭ 3 quasi symmetry and organized in 20 hexameric and 12 pentameric capsomers. The X-ray crystal structure of CCMV has been solved, and it has been determined that the N-and C-terminal ends of the coat protein extend away from the central ␤-barrel, forming armlike extensions (20) . The N-and C-terminal arms provide an intricate network of ropes which tie subunits together in the completed virion. The six N-terminal arms of the hexameric capsomer intertwine at the icosahedral threefold axis to form a unique hexameric tubular structure (termed the ␤-hexamer). This structure is made up of six short parallel ␤-strands that are hydrogen bonded together (residues 27 to 35). The five Nterminal arms of the pentameric capsomer also approach the icosahedral fivefold axis but do not form an ordered ␤-pentamer. The C-terminal arm is involved in coat protein dimer formation, and the dimer linkage acts to tie capsomers together in the assembled virion (21) . The CCMV virion is stable at pHs below 6.0. The virions swell by 10% in linear dimension when exposed to neutral pH (7.0) and low ionic strength (Ͻ0.1). Virion swelling has been attributed to an expansion at the quasi-threefold axis of the virion (20) . The virion is prevented from completely disassembling by the RNA-protein interactions maintained in the virion. As a result of the swelling, 20-Å pores are formed at each of the quasi-threefold axes of the virion (19) . Previous reports have shown that under swelling conditions the viral RNA becomes susceptible to ribonucleases and small stains readily infuse into the virion center (5) .
We have recently characterized two CCMV mutants with increased virion stability (10, 11) . One mutant is the result of a single K42R mutation in the coat protein and is referred to as cpK42R (salt stable). The phenotype of this mutant is that it does not disassemble under conditions (pH 7.5, 1 M NaCl) that completely disassemble wild-type CCMV virions into the RNA and coat protein components. In addition, the cpK42R virions do not swell but are 70% as infectious as wild-type virions. The second CCMV mutant, termed cpR26C, is the result of an R26C coat protein mutation that results in a loss of infectivity unless the virions are purified under reducing conditions. The nonreduced cpR26C (referred to as cpR26C-N) virions swell under conditions that cause wild-type virions and reduced cpR26C (referred to as cpR26C-R) virions to completely disassemble into the coat protein and viral RNA components (pH 7.5, 1 M NaCl). Our collection of wild-type and mutant CCMV provides unique tools to investigate the role of swelling in cotranslational disassembly. We have analyzed the ability of wild-type, cpK42R, and cpR26C virions to direct virus-specific protein synthesis in a cell-free translation system. As a consequence of these experiments we propose a new model for CCMV cotranslational disassembly which does not require virion swelling.
MATERIALS AND METHODS
Isolation and purification of virus and RNA. Wild-type and cpK42R and cpR26C mutant virions were purified from infected cowpea plants (Vigna unguiculata cv. Queens Blackeye) as previously described (10, 11, 21) . Point mutations and the swelling phenotype were confirmed for each virus preparation by reverse transcription-PCR and sucrose density gradient centrifugation, respectively. The reduced or nonreduced state of the cysteinyl residues of cpR26C was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (10) . Both mutations have been maintained in plants for over a year without reversion. Briefly stated, nonreduced virions were purified by homogenizing fresh leaf tissue in 0.2 M sodium acetate-10 mM ascorbic acid-10 mM disodium EDTA (pH 4.8). Virions were purified from the homogenate by multiple polyethylene glycol precipitations and buoyant density banding on cesium chloride. Reduced virions were prepared as stated above with the addition of 3% (vol/vol) 2-mercaptoethanol to the homogenization and storage buffers. The purified virions were further characterized by negative staining with uranyl acetate for transmission electron microscopy and by SDS-PAGE analysis. Virion RNA was purified by suspension of virions in 100 mM Tris hydrochloric acid (pH 7.2)-200 mM sodium chloride-20 mM EDTA-1% SDS. The suspension was phenol-chloroform extracted, and the RNA was precipitated in 0.3 M sodium acetate and 1 volume of isopropyl alcohol. The purity and concentration of both virus RNA and free RNA were determined by spectrophotometric measurements at 260 and 280 nm with an A 260 extinction coefficient of 5.8 for the virus and an A 260 extinction coefficient of 33 for the RNA.
In vitro translation and product analysis. In vitro translation of whole virions or isolated RNA were performed with cell-free wheat germ extracts (Promega, Madison, Wis.) essentially as described by the manufacturer. Typical in vitro translation reaction mixtures (final volume, 25 l) contained 12.5 l of wheat germ extract, 2 l of 1 mM amino acids (minus methionine), 1 l of [
35 S]methionine (1,200 Ci/mmol), 1 to 500 ng of RNA in 100 mM (final concentration) appropriate buffer, and 1 l of 1 M potassium acetate (90 mM final concentration). The effect of pH on the translations was examined by buffering the reactions to a pH of 4.5 to 8.0. Translations at pH 4.5 to 5.5 were buffered with sodium acetate, those at pH 6.0 to 6.5 were buffered with sodium phosphate, and those at pH 7.0 to 8.0 were buffered with Tris HCl. The mixtures were incubated at 24°C for 60 min, after which equal volumes of SDS-PAGE loading buffer were added and the mixtures were boiled for 10 min and displayed on 15% SDS-PAGE gels. Total [
35 S]methionine-labeled proteins in the dried gels were analyzed by autoradiography on Kodak XAR5 X-ray film and quantitated with a PhosphorImager (Molecular Dynamics, Menlo Park, Calif.). The level of translation was quantitated based on measurements of the combined 35 S counts incorporated into the coat and movement proteins. Statistical analysis of the 35 S-labeled translation products is based on at least three independent repetitions of each experiment. The percent in vitro translation is reported as the level relative to that of free wild-type virion RNA.
Virion swelling in the translation reaction was determined by incubation of the wild-type, cpK42R, and cpR26C virions for 1 h in wheat germ extract at pH 7.0. In order to inhibit translation, 25 mM MgCl 2 and 25 mM cycloheximide were added. After incubation, the sedimentation velocity of the virions was measured by sucrose gradient centrifugation.
RESULTS
Our studies were designed to examine the role that virion swelling plays in the cotranslational disassembly of CCMV. Previous work in our laboratory and others has established that, at pH 7.0 and low ionic strength (Յ0.2), the wild-type and cpR26C (both reduced and nonreduced) virions swell whereas the cpK42R virions do not swell (1, 2, 4, 7, 10, 11). As previously demonstrated with wild-type and cpK42R virions, capsid swelling is determined by a decrease in sucrose gradient sedimentation velocity from 82S to 78S. The abilities of the wildtype and mutant virion RNAs (encapsidated viral RNA) to be translated in a cell-free translation system were compared ( Fig.  1 and Table 1 ). The dominant translation products were the 30-kDa movement protein and the 20-kDa coat protein. As observed by others (8), CCMV free RNAs 3 and 4 and whole virions containing RNAs 3 and 4 are translated with higher efficiency than the corresponding free or virion RNA 1 or RNA 2, for unknown reasons. We therefore chose to quantitate only those products from RNAs 3 and 4. The cpR26C-N virions displayed a fivefold reduction in the level of translation in comparison to wild-type virions (Table 1) . However, the cpR26C-R and cpK42R virions displayed near-wild-type levels of translation. The purification of either wild-type or cpK42R virions in the presence of a reducing agent had no effect on their translation levels (data not shown).
A comparison of the translation levels of wild-type and mutant virions was performed over a range of 5 to 2,500 ng of virion template (Fig. 2) . In all cases a linear dose response was observed between 5 and 250 ng of virion template, and therefore 100 ng of virion template was used for subsequent experiments. Additionally, the cpR26C-N virions showed a muchreduced level of translation in comparison to the other virions over the entire range of virion template examined. A similar linear dose response was observed when free RNA (RNA purified from virions) was translated over 1 to 500 ng of RNA template (data not shown). This is consistent with the fact that CCMV virions are 20% RNA by weight. The reduced translation level of cpR26C-N was not due to the RNA itself, as evidenced by the observations that cpR26C-R virions translated to levels similar to those of wild-type virions ( Fig. 1 and Table 1 ) and that the translation levels of free RNA from wild-type, cpK42R, and cpR26C virions were similar (Fig. 3) . The amount of translation product from cpR26C-N virions did not increase with longer translation times. This suggests a limited number of virions undergoing translation rather than a reduced translation efficiency for cpR26C-N.
The CCMV virion structure is pH dependent. To assess the effect of pH on the translation levels of wild-type and mutant virions, a pH range from 4.5 to 8.0 was examined (Fig. 4) . The translation levels from wild-type, cpK42R, and cpR26C-R virions displayed a marked increase over a narrow pH range (pH 6.0 to 6.5). The translation level of cpR26C-N virions did not show a similar response to pH (Fig. 4) . The cpK42R virions, which are unable to swell, displayed a pH-dependent increase in translation levels, while the cpR26C-N virions, which are able to swell, did not show a similar response. A gradual increase in the translation level of free RNA, as a function of pH, is an expected result due to the pH dependency of the cell-free translation system. A near-linear response was observed for the free RNA from the wild-type and mutant virions. In contrast, over the pH range of 6.0 to 6.5, the increase in the amount of translation product from the wild-type virions was approximately three times that of the free RNA. As a control, the pH-dependent-swelling phenotype of the wild-type and mutant virions in the translation reaction was confirmed by sucrose density centrifugation in the presence of translation inhibitors (data not shown). The cpK42R virions displayed no swelling in the presence of the translation mixture at pH 7.0.
DISCUSSION
The paradox of virion disassembly is that the virion must be stable enough to protect its nucleic acid yet dynamic enough to release its nucleic acid to the host cell. In the case of CCMV, the virion RNA must become available to the host's translational machinery early in the infection process. Virion swelling, resulting from an increase in pH and/or loss of divalent metals, was thought to be essential for the disassembly and release of virion RNA. Two lines of evidence indicate that virion swelling is not required for CCMV cotranslational disassembly. First, mutant CCMV virions which are not capable of swelling (i.e., cpK42R) are infectious and produce an amount of viral polypeptides equivalent to that produced by wild-type virions in a cell-free translation system (Table 1 ). In contrast, mutant virions which are capable of swelling (i.e., nonreduced cpR26C) are not infectious and do not produce an amount of viral polypeptides equivalent to that produced by wild-type virions or reduced cpR26C virions in a cell-free translation system. Secondly, the relative efficiency of translation between wildtype and mutant CCMV virions is not altered as a function of pH. For example, both wild-type virions and nonswelling cpK42R virions have the same relative expression of viral polypeptides in the cell-free translation systems at pH 7 (conditions under which wild-type virions swell) and at pH 6.0 (conditions where wild-type virions do not swell) (Fig. 4) . Based on these observations, we consider it unlikely that the structural transitions required for virion swelling act as a molecular switch for CCMV cotranslational disassembly. Therefore, a new type of structural transition is required to explain cotranslational disassembly.
The challenge we face is to understand in chemical terms the dynamic nature of the CCMV virion and how structural transitions result in molecular switches which affect virion assembly, stability, and disassembly. The high-resolution X-ray struc- ture of CCMV provides a valuable starting point for these studies. However, the X-ray model is by definition static and therefore limited in its ability to precisely define the dynamic processes that result in virion assembly and disassembly. The X-ray model does suggest which regions of the virion are likely to undergo structural transitions based on the strength of protein-protein and protein-RNA interactions. The 20 hexameric capsomers in the CCMV virion are unlikely to undergo major structural transitions during disassembly. Hexamers are stabilized not only by extensive interactions between the central ␤-barrel fold of adjacent coat protein subunits but also by the interaction of adjacent N termini to form a ␤-hexamer structure (20) . A similar ␤-hexamer structure is not formed by the 12 pentameric capsomers. The C termini of coat protein subunits are unlikely to undergo major structural transitions because they interact extensively with the twofold-related C terminus of an adjacent coat protein subunit (20) . The pseudothreefold axis where the interaction of hexameric and pentameric capsomers occurs is the site of the structural transition required for virion swelling, but this region is not likely to be involved with cotranslational disassembly in vitro. Pentameric capsomers are the remaining virion morphological units available to undergo major structural transitions during disassembly. The N-terminal 44 amino acids in the pentameric capsomer are not ordered in the CCMV X-ray structure, indicating their dynamic nature. In contrast, only the N-terminal 26 amino acids (residues thought to interact with the virion RNA) are disordered in the hexameric capsomers, due to the formation of the ␤-hexamer. Although the free RNA from the wild-type and mutant virions produced identical in vitro translation products, it is possible that the base substitutions in the mutant virions may have affected the translational control of the RNA. A kinetic analysis of the in vitro translations may produce some important information about the differences between the wildtype and mutant virions beyond the changes in capsid structure.
We propose a new model for CCMV cotranslational disassembly based on the release of virion RNA from a pentameric capsomer (Fig. 5) . The model postulates that the five N termini associated with the pentameric capsomer can undergo a major structural transition from the virion interior to the virion exterior. The association of the five N termini on the virion exterior results in a channel through which the virion RNA passes and becomes available to the host's translational machinery. Translation of the exposed RNA by host ribosomes on the particle's surface strips the remaining RNA from the virion. We further speculate that elevated pH is the environmental trigger which favors the structural transition of the N termini from the virion interior to its exterior. We have yet to determine if all 12 pentamers within a virion, or even all virions in a population, are equally competent to undergo N-terminal structural transitions. We further speculate that channel formation is more prone to occur at a single-pentamer axis. Others have estimated that less than 5% of other virions within a population undergo cotranslational disassembly in vitro (17) .
The model in which viral RNA is uncoated through a channel in the pentameric vortex has been recently proposed for animal (9, 12, 15, 18) and insect (9, 15) viruses. The two best demonstrations of this model are found in the work on poliovirus (18) and the more recent biophysical model for the release of RNA through the pentamer axis of nodaviruses (15) . We speculate that the release of the virion RNA through a pentameric vortex may be a common feature of many plant viruses. Our experimental results for the in vitro translation of CCMV virions agree well with a new model for cotranslational disassembly which requires release of the virion RNA through a pentameric vortex and translation by host ribosomes on the virion's exterior. At this time, the structural transitions the virion undergoes in vivo are not known. Future studies will be directed at testing our model in vivo.
